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Ahstract

Complex equilibrium thermodynamic calculations using the computer code
SOLGASMIX-PV werce performed for the ‘I'a=Cl-IT and Ta-C-Cl-H systems in
order to evaluate the chemistry associated with the chemiceal vupor deposition of
Ta, Tu2C. and TaC on graphite yarn and woven structurss, Results of the
thermodynamic calculations were compared with coated materials preparcd by
hycdrogen reduction of 'l‘u(!ls(g) and (‘”llﬁ(g) between 1026 and 1223K using a

variety of reaction gas compositions,

1. Introduction

Chemilenl vapor eposition (CVD) {8 0 process in which gascous reactunts are
tranaported to and react chemieally at a heated surfuee to form n #olkl phase
comprised of at least one of the elemental components of the gascous reactants,
Over the past fifteen yenrs n constderable amount of work has bheen reported in the

Hterature deseribing CVD technigques used to prepare a wide variety of materials



which cannot be prepared rzadily by other techniques due to the high temperatures
required in the preparation, " In particular, CVD has been used successfully in
preparing superconducting!®!! and semiconducting!? compounds, solar collcetor
and thin film alloys. 31 and protective voatings of refractory metal carbides, oxides,
boriles, aml nitrides, 1"°

The High-Temperature Group of the Chemistry and Materfals Science Division
of the Los Alamos Scientific T.aboratory (1.AS1.) has been actively {nvolved in CVD
rescarch and development over the pust twenty five years, Pust and present work
hae dealt primarily with the CVD application of protective coatings on graphite
substrates for use in high-temperature environmer'!s, Specifically, past work has
Includerl the process development for CVD coating <f the coolant channels (2,5 mm
diam, x 1320 mm long) of Rover fucl clements with NbC or ZrC¥=*1 and the CVD

22=15

coating of rocket-nozzle parts with co-deposited SiC and pyrographite, - Current
CV D research and development involves the preparation of uniformly vapor
deposiled materials on the filamentary surfaces of yarn, cloth, and woven structures
for the fubrication of hot-pressed. fiber reinforeed metal or refractory compound
composites, "™ Potential applicatlons for these materials fnclude use In high-temperature
(*3200K), crosive environments;* ™ lght=-welght armor, and light-welght
structvral components for the use in high-wemperaiure (1700K), oxidizing
cnvironments,

While u comsiderable amount of design work has been pe rformed at 1,ASIL
to estublish teehniques ard process parameters for uniformly coating graphite
filamentary assemblages with transition metal carbides, borides, and with
sitlcon carblde and boron carblde, no prior attempt was made to evaluate the
chemistry of the CVD processes using compiex equilibrium thermodynumie
caleulutions,  Current work involving the VD of tantalum and tantalum carbide
on graphite yarn and cloth along with the absence of a detatled the rmodynamice
anitlysis of the ‘Tu-Cl=-1T and To-C=-Cl=H aystems prompted us to ealeulate the VDD
phase diagrams for these systems,  The present paper reports the results of these

calceulations using the complex equllibrium code SOLGASMIX= PV, Y Results of



the thermodynamic calculations are compared with experiments in which Ta, TaC,
and 'I‘aZC were deposited on graphite yarn and woven cloth as well as on other
substrates ad reported in the literature,

II. Thermochemical Propertics and Phase Diagrams

A, The Ta-C System,

The phasc diagram and thermochemical properties of the Ta-C system have
been reviewed by Storms, * ‘Poth, ™ and Schick, ™ There are two intermediate
phases in this system - TaC and Ta,C - hoth of which exhibit homogencity ranges,
'[‘uzC is believed essentially to be a ;inc compound below 1775K while TaC exists
between zpproximately 'I‘;n(‘.(). - and 'I‘u(‘l. 0 at 1775K,  High-temperature
thermodynamic functions for both ‘T'aC and 'l‘u2 C have been tabulated by Schick™
and more recently reviewed by Storms® and Toth, ¥ Schick gives values of

All?(298. 15K) for TaC and l‘uz(l of =134, 6 keal mol-l and -47. 2 keal rnol_l
respectively while ‘Toth seleets values of -4, 1 keal mol_1 and -19, 8 keal mol-l

respectively,

B. The Tu~Cl 8System,

'I'he ¢ are four known solid phascs in this system: 'l‘.l(‘l,.). 'l'!l('14, 'l‘u('l.].
and TuaCl,, 5e A ’I‘u(‘-l,l(s) is reported to have a range of homogenelly between
(4 Al Al 4} ] "" 4 AFIY A
lu(-lz. 9 ancl ‘T'ac l”_ 1 1 J.le. 5
is thermodynamically stable in the I'a-C1 system,

s beliceved to be the lowest solid chlorfde which

Thermodynaimice functions for 'I'aC’l ,.)(H. 1) have been presented In the JANAEF
Thermochemical ‘Tablos, *T  The rmodynamic functi ons for 'l'll(‘]d(h) and 'I':l('l,;(h‘)
have been caleuluted™ Jrom ostimated heat eapneity equations and an estimated valtie

of 8°(298, 15K) reported by Schacfer and Kahlenberg, ™ The rmodynamie functions



for TaCl,  (s) were also calculated™ from estimated heat capacity equations given
by Bariu and Knacke.!"
Thermodynamic properties for the gascous molecules TaCls(g), TaC14(g),

Tu(.‘l,z(g), TaClz(g), and TaCl(g) have been recently reviewed and evaluated, !

C. The C-II and C-H-Cl Systems,

A review of the literature was made to determine the inore thermodynamically
stable hydrocarbon and organic chloride gascous molecules, We sclected (‘,H4(g),
Czllz(g). Czllﬁ(g), C21l4(g), C:’llﬁ(g), Cﬁllﬁ(g). CCI‘L(g), Cll:yCl(g), C112C12(g),
and (‘.ll(,‘.l:;(g) for use in the thermodynamic calculitions, Thermodynamic
functions for these molecul es have been reviewed ir the JANAF Thermochemical
Tables™ and in the compilation of thermodynamic data by Stull. Westrum, and

Sinke,

D, T'he Elements In TheleStandard States

The standard state for tantalum and carbon was chosen to be the solid



and the standard state for Hz and C1, was taken as the idcal gas at 1 atm, pressure

2
at all temperatures between 298, 15K and 1300K, Thermodynamic functions for the
elements in their standard states have bcen reviewed and evaluated by the JANAT

tables'? and by Hultgren et al, "

IITI. Calculational Procedure

The complex equilibrium code used in this work was SOLGASMIX-PV,*! The
the cocde was used as presented in Ref, 31 but with a modification which permitted
thermodynamic data to be inputed in units of either Joules or calories, The code as
presented in Ref, 31 was a modification of the code SOT.GASMIX developer] previously
by Eriksson, 4517

In the thermodynamic calculations for the Ta-C-Cl-H system, 19 vapor species
(including Ar) and 8 condensed phases were considered,  Thermodynamic data used
as Input were the enthdlpy of l‘ormation.AH?(298. 15K), and the change in the Gibbs
free energy function for formation of the gascous molecules or solld phases from the
constituent elemoents, -A [(}o('l') - 110(298. 15[()] /T, at the temperature ot interest,
Accordingly, the total Gibbs [ree energy of the system was caleulate:d as the Gibhs

free energy of formation using the eruation

A(:;’/'r A - 1o sK) /1 +An‘[’(zsm.15|\')/'l' (1

Thermodynamie data used to prepare the input data are given In Table 1 and
dscussed in See, TCabove,  Values of =-A E‘.n('l‘) - II()(B!)H. 16K)] 71 for temperatures
AL other than 100K intervals were obtained hy Inverpolation,

The CVD phase diagram for the Ta-CLl-1T system was computed by vy g the
1/C1 ratio of the input gas at a constant temperature, changing the temperature and
then repeating the caleulation,  Stmilarly, the Fa-C-CIl=-11 CVD phase dlagram was
computed at o particular temperature for a constant value of 11/¢1 hy varying tho
Ta/Coratio in the Input gas, changing the temperature andor the 11°C1 ratio ol

repeating the caleulations,



Details concerning tic thermoynamics of CVI) phasc diagrams and examples of
phasc diagrams comput 2d using the SOLLCASMIX complex cquilibrium code have been

previously reported by Spear and co-workers, 4450

IV. Experimcental Proccdure

Coatings preparced in this work were deposited on Hitex-C graphite cloth (Woven
Structures, Inc,, [os Angcles, CA) woven from P223 staple yarn, The cloth had
an areal density of 9, 021 ¢ cm—z. Five to ten cloths, cach approxim.tely 6 cm in
alameter, were supported in the deposition chamber of the CVD apparatus by a
graphite baffle, Two graphite baffles, uscd to heat the coating gases to the desired
deposition temperature, were situated above the cloths and were separated from the
cloths by graphite spaccers,

Deposition was carriced out in an all-metal apparatus at reduced pressure (15 to 25
torr) Jo as to ecnhance vapor phase diffusion of the coating gases {nto the intcrior of
the graphite yarn strunds and to promote uniform deposition on all the graphite
filaments of the cloth, The reduced pressure was achieved by a Nash high speed
centrifugal pump using water as the pumping fluid,

IFFor experiments involving only the deposition of tantalum metal, 'l‘a(‘.ls(g) was
us~ as the coating gas, The ’l‘n(‘ls(g) was formed by direct chlorination of tantalum
metal at 700K, The 'l‘u(?ls(g) was mived with hydrogen down stream from the
chlorinator and then introduced into the deposition chamber, Tor experiments
Involving coating of the graphite cloth with Tu-C alloys, propylene, C"llﬂ(g). was
added to the hydrogen, In some experiments HCH(E) was added to the hydrogen in
order to prevent gas phase nucleation from occuring, All gas flows were controlled
using caltbrated flow controllers or flow meters,

The metal deposition echamber was heated by radintion from a 36 In, long Lindberg
climshell resistance furnacee which contained three independently controlled temperature

zones, lype K theviocounles were used throughout the system to measgure all



pertinent temperatures,
Figure 1 shows a schematic diagyram of the CVD apparatus, Tigure 2 shows

details of the coating chamber,

V. Results of the Thermodynamic Calculations

A, The Ta-Cl-H System

The computed CVD phase diagram for this three component system botween 700K
and 1300K for 11/Cl ratios in the input gas between 0 and 18 is shown in Figurc 3. The
phase diag am is dominated by the Ta(s) single phase region above approximatcly
800K for H/Cl > 6 and by the TaClz. 5(s) single phase region below 800K, Tor II/Cl< 6
the minimum temperature at which single phas< Ta(s) may be dcposited increcasces as
H/Cl decreases while the maximum toniperature at which single phase TaClz. 5(s)
deposits decreases as H/Cl decreases, l'or H/Cl > 6, a very narrow Ta(s) + 'I‘aClz.ﬁ(s)
two phase region (i, e, the region in which Ta(s) and TaClZ. 5(5) co=-deposit) separates
the Ta(s) and TaCl 2'5(s) single phase regions, Tor H/Cl < 6, a region in which no
solid phase may dcposit separates the Ta(s) and TuClz. 5(8) single phase regions.
Thus tor H/Cl = 2, 5, ’l‘nCIZ.s(s) deposits below 750K and Ta(s) deposits ahove
approximately 900K,

Figure 4 shows the calculated equilibrinum vapor composition as a function of 11/Cl
in the input gas for the Ta-Cl-H system at 1025K and a total system pressure of 0, 03
atm, The predominant Ta-containing vapor species is scen to be TaCl4(g). The
vapor pressure of TaCls(g) is about a factor of 10 lower than that for 'l‘a(?lli(g) and the
vapor pressurc of ’J‘u(‘,la(g) is about a factor of 100 lower than that for ’l‘u(.‘.ll‘(g). All
other vapor species not shown in the Figure were caleulated to have equilibrium
pressures below 1 x 10™° atm. at 1025K,

It 18 scen In Figure 4 that us the 11/C1 ratio in the input gas increases (1, ¢, as
mo ‘¢ II2 Is added to the input gas) the ‘I'a-containing vapor species decercase in pressure,
This bchavior must correspond to additional ''n(s) deposition as the 117C1 ratlo inereases,
This 18 shown in Figure 5 where the amount of 'T'a(8) deposited as a function of 11/C1 in

the Input gns Is shown as the solid curve for three deposition temperatures- 1025K,



1125K, and 1225K. The curws for 1025K and 1125K were computed using a total of 0.18
moles of tantalum in the system while the curve for 1225K was computed using a total

of 0.3 moles of tantalum, The three circles in Figure 5 represent experimental results
of three CVD experiments In which Ta metal was deposited on graphite cloth, These
results and the process parametcers for the experiments are summarized in Table 2,

A fourth experiment (Expt. 2) listed in Table 2, for which H/Cl = 15. 2,is not shown in
Figure 5, Comparison of the actual amount of Ta(s) deposited on the graphite cloth

in the three CVD experiments with the calculated maximum amount of Ta(s) which

could be deposited under the conditions of the experiment gives deposition efficiencies

of 58, 6%, 34,17, and 52, 0% at 1025K, 1125K, and 1225K respectively.

B. The Ta-C-Cl-H System,

Experimentally, the only major difference between this four component system and the
Ta-Cl-H systcm was that propylene, Caﬂﬁ(g), was added to the input gus to provide
a source of carbon, The input gases were mixed in the bafflc region of the CVD
apparatus ahove the deposition chamber at an approximate temperature of 500K,
If during this mixing the gas achicved thermodynamic equilibrium, the C’:i"(i(g)
would be almost completely converted to methane, Figure 6 shows the calculat ed
cquilibrium composition as a function of Ta/C for the input gas at 50015, PT= 0.03 atm.,
and II/C1 = 2, As scen in the Figure, CII4(g) is the only important C- containing vapor
species in the equilibrium input gas, Also, Tu(‘,lr‘(g) is the only important Ta-
containing vapor species in the cquilibrium input -p,:ls,

I'isure 7 shows the caveulated equilibrium CVD phase diagram for the Ta-C-Cl-11
system belween 700K and 1226K as a function of Ta/C In the input gas at consiant
values of H/CL - 10,8 and P’l' - 0,03 atm, ., ‘T'he region of the phase dlagram above Ta/C .
2.5 was not caleulaied in this work, ‘The distinguishing features of this phase
dHagram are that the TaC(s) single phase reglon s very narvow above 10001 and
broaders over a wide temperature rnge as the deposition temperature deercases, and
that the 'I'u?('(s) single phase rvegion I8 very narrow above 12008 and broadens towiards

Ta/C values greater than 2 as the deposition temperature decreases,



It should be noted that we assumed TaC(s) to be stoichiometric throughout these
calculuatinns (e, g. the homogeneity range over which TaC exists was ignored),
The effect of taking into account the homogeneity range of TaC would be to broaden
the TaC(s) single phase region of the pnase diagram over Ta/C values greater than 1,

TFigure 8 shows the cffect on the phase diagram of reducing the H/C1 ratio for the
input gas. The TaC(8) single phase region is seen to broaden towards higher Ta/C
values and the maximum deposition temperature for single phase TaC(s) decreases
for Ta/C <1 and increases for Ta/C > 1.

Figures 9 and 10 show the calculated equilibrium gas phase composition for the
Ta-C~Cl-II system at 1200K, P

T
Figure 9 is for H/Cl =10, 7 and Figure 10 is for H/Cl =2. In both cases CH4(g) is the

= 0,03 atm, for values of Ta/C between 0,1 and 2, 5,

major C-containing molecule above the C+TaC two phase region and its equilibrium
concentration decreases towards the more Ta-rich portion of the phase diagram.
TaC14(g), TaCls(g) and TaCls(g) are calculated to be the impourtant ‘Ta-containing
gascous molccules and their equilibrium concentrations increase towards the more
Ta-rich portion of the phase dlagram, Notc also that the vapor composition is fixed
across the C +TaC, TaC +TaZC, and Ta+TaZC two phase regions; that the cquilibrium
vapor pressures for the Ta-containing molecules increase as H/C1 decreases;

and that the equilibrium vapor pressures for the C-containing molecules descrcasc as
H/C1 decrcases,

Process parameters for Ta-C alloy deposition on graphite cloth, observed phases,
and phases predicted to be deposited using the CVD phase diagram in Figure S are
given in Table 3, The observed phases were determined from their X-ray diffraction
patterns, TLattice parameters were calceulated for the TaC phases from the back=
reflectlon lines of the X-ray diffraction patterns,  ‘The composition of the TC phases
as derived from the caleulated lattice parameters™ was 'l‘u(.‘.()‘ qu for all TaC-containing
tleposits investigated,

The TaC deposited on the graphite cloths in Fxpt, 33 was obscevrved to be a fine,
powclery material Indicating that gas phase nueleation hal oceured during the experiment,
Accordingly, HCL(g) was added to the input gas of Expts, 138 through 41 in or:ler to
depress the oceurence of gas phase nucleation,

Expts. L0 and 4L used HCHE) MTow rates which were twice the low rates used in

Expts. 38 and 39, As seen in Table 3, holding all other process parameters constant



but doubling the HCl(g) flow ratc causes the deposited material to charge from TaZC(s)

to TaC(s).

VI. Discussion

A. The Ta-Cl-H System

The CVD of tantalum metal using TaCls(g) as the reactant gas can take place in a
hydrogen atmospher: at temperatures as low as 775K to 800K if the fI/Cl ratio in the
input gas is greater than 6, It would appcar that co-deposition of Ta(s) and TaCIz. 5(5)
would be cxperimentally difficult in view of the very narrow (50 to 100) temperature

region over which the two phases co-exist,

B. The Ta-C-Cl-II System

Process conditions for which a particular Ta -C alloy may deposit as predicted from
the equilibrium CVD phasc diagram for the Tu-C-Cl-1I system are not in accord with
results obtained experimentally in our CVD apparatus using woven graphite cloths as a
substrate. 1In all cases. the actual vapor deposited material appears to be rvicher in
tantalum than would be predicted from the CVD phase diagram, For example, under
the process conditions for Expt, 28 the phase diagram predicts the deposit to be two
phase TaC and C while the actual deposit is obscerved to be ’l‘uzc. In Lxpt. No. 'l the
phase dlagram prediets two phase TaC and ¢ as the deposit while the actual deporsit was
obscrved to be TaC (All 'TaC deposits had a composition of 'l‘nC-() g We believe this
to be the Tower TuC phase boundary composition at 1225 as rlutc.rmincrl by extrapolation
of the estimated lower I'act phase boundary™ from 1772K to 1226K). Also, Treely
deposited carbon was never observed In any of the deposited material analyzed by X-ray
diffraction,

There are few experimental detadls and results of investigations reported in the
literature involving the CVD ol Ta=C' alloys with which we can comapre the resvelts of
our experiments and thermaodvnamie caleuliations,  Early ¢V experiments involved

the prepavation of “Tac at temperatures greater than 2300K using "taCl_() and methane,
)
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acetylene, or toluene as the reactant gases.”! Ambartsumyan and Babich® prepared
TaC by thermal dissociation of TaCls(g) on graphite substrates at temperaturcs
between 2323K and 2813K and found stoichiometicic TaC in contact with the graphite
substrate and 'l‘aCO' 39 on the outer layer of the deposit, Crayton and Gridly®? prepzred
submicron TaC powder by the vapor phase reaction of methane and 'l‘a(?ls(g) between
1673K and 1873K, Takahashi and Sugiyama®™ used an A-C discharge method to grow
TaC fibers from Ta(715(g) and propylene reactant gascs at temperatures between 525K
and 923K, Grossklauss and Bunshah® deposited TaC and Ta,C on either 302 stainless
steel or molybdenurn substrates between 823K and 17631 by vaporizing tantalum metal
in the presence of acetyl ene,

Heffernan, Ahma.l and Haskell®® used CVD to prepare Ta-C alloys on a resistively
heatcd tungsten filament at 13731 using 'I‘uClS(g) anrl methane as reactant gases, The
rcauits of their experiments arc summarized in Table 4 along with the Ta-C phases
predicted from the CVD phase diagram, As can be seen from the table, the observed
Ta-C phases are Ta-rich comparerd to the predicted phases as observed in our work,

The results of Heffernan , Ahmad and Haskell along with the results of the present
work causcs us to believe that a kincetically 1imiting step in the pyrolysise of (‘il‘l(g‘)

(or of (‘:‘ll(i(p;) in the present work) cither in the gas phase or on the substrate surface
may be the cause for the Ta-C deposits to be deficient In carbon,  Unfortunately,
virtually nothing is known about the kincties and mechantsm of the chemieal processes
oceuring in CVD experiments duch i those performed in the present work,

[Towever, we can gain a rough {dea as to whether a kinetically Umiting step in the
pyrolysis of methane would be a reasonable factor in forming carbon deficient Ta=C
allovs in our CVD experimoents,

The kinetles and mechanisms of (‘Il_l(p;) pyrolysis to form O have heen previousiv
reviewed, * 1L has been postulated that carbonis formed by a serfes of consccutlve

Flest ocler reactions a8 follows:

~

2 . 1 f | f
e 2”'| - U et le

-

Step 1 was postulated to be rate=controlling helow 18001 while step 1 was postalated o



be rate~controlling above this temperature., The first order rate constant for the rate-

controlling step, rcuction 1, is well estatlished and is.%'- 50

-
014. hs

k, =1 cxp(-103, 000/R7T) scc_1 . M

1

Fquation 1 was used to calculate the amount of carbon formed at 1225K
and the results were then compared with the amount of tantalum metal deposited in our
experiments with the Ta-Cl-H system, ‘The results of the calculations showed that the
formation of C-deficlent Ta-C alloys could be qualitatively explained by the pyrolysis of
mcethane being rate-controlled by reaction 1, In hght of this result, it would be
instructive to perform some experiments in which an appropriate catalyst was added
to the Ta-C-CI-1 inpul gas stream or placed on the graphite cloth surface to try to
enhance the carbon deposition rate,

Another problem which 19 not clearly vaderstood 18 the strong effect that the
concent ation of HCE{E in the input gas has on determining the composition of the
Tu=-C ahoy deposits, This bebavior may Indicate a large local eufldup o_f HCI(R)
among the Hbers of the graphite cloth causing a shift in the equilibrium

201, () 4 ’l‘u(‘lq(u') “Tags) + A4 HCHE) to the left,



~]3-

References

1, M. I, Smith, Chemical Vapor Deposition, Vol, 1, 1964-1974 (A Bibliography

2-

10,

]ll

14
a

with Abstracts), National Technical Information Service report NTIS/ PS-76/0521,
1976,

M. I, Smith, Chemical Vapor Deposition, Vol, 2, 19756-July, 1977 (A Bibliography
wilth Abstracts), Natlonal Technical Informalion Service report NT1S/ PS-77/06133,
1977,

A. C, Schaffhauser, Ed,, Chemical Vapor Deposition of Refractory Metals, Proc,
ol Gatlinburg, Tenn,, Conf,, Sept, 1967, Amer. Nucl, Soc,, linsdale, ill,, 1967,

J. M. Blocher, JJr, and.J, C, Withers, Eds,, Chemical Vapor Deposition, Proc,

Sccond Int, Conf,, Los Angeles, May, 1970, The Electrochem, Soc., Princeton,
NJ, 1970,

", A, Glaski, Ed,, Chemicenl Vapor Deposition, Proc, Third Int, Conf,, Salt [.ake
Clty, April. 1942, Amer, Nucl, Soc,, Hinsdale, Ill,, 1972,

G, I, Wakefield and .7, M, Blocher, Jr,, Eds,, Chemical Vapor Deposition, Proc,
Fourth Int, Conf,, Oct,, 1973, The LKlectrochom, soc., Princeton, NJ, 1973,

J. M. Blocher, Jr,, I, I, Hinterman and 1, I, Hall, Eds,, Chemical Vapor
Deposition, Proce, Fifth Int, Conf,, Fulmer Grange, England, Sept, . 1975,
The Electrochem, Soc., Princeton, NJ, 1975,

Lo o Donagbey, P, Rai=Choudhury and R, N, Tauber, Fdy,, Chemical Vapor
Deposition, Proc, Sixth Int, Conf,, Atlanta, Oct,, 1977, The Eleetrochem, Soc,
Princeton, NJ, 1977,

T. O, Sedgwiclk and 11, [y tin, Eds,, Chemical Vapor Deposition, Proce. Seventh
Int, Confl.. Lod Angeles, Oct.. 1979, The Eleetrochem, Soe, , Princeton, NJJ, 1979,

L. R, Newkirk, U A, Valencelnand °F, ¢, Wallace "'Ihe Preparation of High T
Nh,l(}v superconductors by Chemieal Vapor Deposttion, pp, 701-712, Ref, 7,

Lo R Noewkirk and I, A, Valenela "Moethod for Preparving 1Hgh="Transitlon=-
Toempoerature Nl),'(_:«_-. Superconduetors, U, S, Patenc 4, 051, 686, Oct, 18,1977,

A, Relsman and P, O, Scdegwick "Chemieal Vapor Deposition and Solld=vVapor
Fquilibria” in Phase Diagrams;  AMaterials Sceienee and ‘'eehnology, Vol, 1V,
Ao ML ALper, Bd, ppe 1=900 Aeademie Press, NY, 1976,

JooIe Cuomao, W, 1 Zlegler and g, M, Woodwal "A New Coneept for Solar Energy
Conversion' Appl, Phys, Lett, 26, 557(19756),

by PGrimmer, K, C, Heer and W, 0, MeCreary " Dossible Selecetive Sotar
Photothermal Ahsorher: NI Dendreltes on Al Surfacees by the ¢VD of NI(CO) o
J. Vae, Sel, Technol, 10 0 5910y,

Jooa, Niekl, K, K, Sehwettzer and o Luxenbe g "Chemibeal Vapor Deposition
of the Syatems PE=S=Coand '=Ge=C" pp, 123, Rel, 5,



16,

17,

18,

b

20,

by |
.

-14-

J. Buehler, E. Titzer and D, Kehr '"Chemical Vapor Deposition of Silicon Nitride,
pp. 493-496, Ref, 8,

H, 0. Picrson, I, Randich and A. W, Mullendore ""Chemical Vapor Deposition
of Transition Metal Borides", following paper at this Confercnce,

11, 0. Pierson and E, Randich "The Coating of Mectals with Titanium Diborid by
Chemical Vapor Deposition. pp. 304-3517, Rel, 8,

M. G. Bowman and D. T, Vier '""Gas Mixture for Forming Protective Coatings on
Gr.phite", U, S, Patent 3, 785,994, Junuary 15, 1974,

T. C. Wallace, Sr. "Chemical Vapor Deposition of ZrC in Small-Bore Carbon-
Composite Tubes", pp., 91-106, Ref, 6,

T, C, Wallace, Sr. and M, G, Bowman "Chcemical Vapor Deposition: A Technlque
for Applying Protective Coatings', invited paper presented at the DoE-EMACC
Conference, Argonne National Laboratory, Argonne, Ill,, June, 1979, l.os Alamos
Scientific Laboratory report LA-UR-79-1470,

T, C. Wallace, Sr,, G, E, Cort, J, J, Daran and M, C, Clinc "Development
of DPyrolytic Graphite/Silicon Carbide Compusite Materials for Rocket-Nozzle
Applications, Vol, I, The Injector Deposition Furnace", los Alamos Scientific
Laboratory report LA-UR=-77-2114 (Oct,, 1977).

T, C. Wallace, Sr., G. I, Cort. I, J, Damran, D, B, Court, 1). 15, Hull and
R, W, Meicer "Development of Pyrolytie Graphite/Silicon Carbide Composite
Muaterials for Rocket=Nozzle Applications, Vol, T, The Channel Flow urnace',
[.os Alamos Scientifie Laboratory report LA-UR=-77-2042 (Sept,, 1977),

G, Ih, Cort, J, J, bamran and T, ¢, Wallace, Sr, "Development of Pyrolytic
Graphite/Silicon Carbide Composite Materials for Rocket=-Nozzle Applications,
Vol, 11, Comparison of Deposition Furnaces ond a Genervie Process (Control
System Specilleations', Los Alamos Scientifie [aboratory revort LA=UR=77-2679
(Nov, . 1977).

T, ¢, Wallace, Sr, "Development of a Process Control Model for the Application
of Co=Deposited Materials" paper presented at the Alr Foree Materelals Laboratory
Technteal Conf, on Analysis and FFubrteation of Carbon/Carbon (Involute) Fxit
Cones, Foh, 21=220 1979, Dergamo Conference Centor, Dayvton, Oll,

i, 15 Ritey and 1, ¢, Wallaee, Sey "Moethod for Makhug Hot=Pressed 1tiher-
Reinforeod Cavblde-Graphlite Jomposite', U, S, Patent 4, 180,028, Doe, 26, 1979,

¢, M. Hollabawgh, K, V., Davidson, ¢, 1, Radosevieh, RyE, Riley and 1, O,
Wallree, Sv, "Chemibenl Vapor Deposition of ‘Tintalum on Graphite Cloth for

Making Hot-Pressed Fiber-Reinforceed Carvbide-Graphite Composite', pp, Hh9-
B Rel, s

1, B Newkirk, IR, 1, Ritey, H Sheimber, 19 AL Valenela and °F, ¢, Wallaee, Sr,
"Preparation of U'nbdireetional FPiber Remforceed Fantalum Carblde Compositos',
pp. IsS=1948, Ref, v,

L. 1L Newkick, R F, Riley, L Shefnberz, FooA Valenetand 1, O, Wallaee, Sr,



"Preparation of Tiber Reinforced Titanium Diboride and Boron Carbide Composite
Bodics", pn. 515-524, Ref, 9,

30, R, E, Riley, T. C. Wallace, Sr. and J, M, Dickinson "Composite Materials for
Tokamak Wall Armor, Limiters, and Beam Dump Applications", J, Nucl, Mater,
85-96, 221(1979).

3. T. M. Besmann "SOLGASMIX-PV, a Computer Frograra to Calculate Equilibrium
Relat ionships in Complex Chemical Systems', Oak Ridge National IL.aboratory
rcport ORNL/TM=-5775 (April, 1977).

32, E. K, Storms, The Refractory Carvbides, Academic Prngs, NY, 1967,
33, L. E. Toth, Transition Mctal Carbides and Nitrides, Academic Press, NY, 1971,

34, I, T.. Schick, Thermodynumics of Certain Refractery Compounds, Vols, I and II,
Academic Press, NY, 1966,

35. Ya, I, Gerassimov and V, I, Lavrentev, Tantalum, Physicochemical Propertics
of Tts Compounds and Alloys. ‘Thermochemical Properties, At, Lnergy Rev,
(Spec. Issuc 3), pp. 7-19, 1972,

36, I, Schacfer, Il, Scholz and R, Gerken, "The Chemistry of Nioblum and Tantalum,
XXXV, The lower Chlorides of Tantalum", Z. unorg, allg, Chem, 331,15:4(1964),

37, M. W, Chase, Jr., J. [, Curnutt, R, A, McDonald and A, N, Syverud, J, Phys,
Chem, Ref, Data 7,89(1978),

N, R, C. Feber, Los Alumos Scientifle | aboratory, unpublished results,

39, H, Schacfer and 9, Kahlenberg, T'he Heat of Formation of Tantalum (1V) Chloride
and the Thermochemistry of the Chlortides TaCl, Tm"ld el ’l‘u!_fl,"'. Z, anorg, allg,
Chem, 305, 178(1960), ” '

40, I, Barin and O, Knacke, Thermochemical Properties of Tnorganie Substances,
Springer-Verlag, Berlin, 1974,

11, R, G, Behrens and R, C, Feber "Thermodynamice Properties of Gascous ‘Tantalum-
Chlorine Molecules!, submitted Lo J, Less=-Common Motals,

42, D, R, stull and 11, Prophet, JANA ‘T'hermochemieal ‘Fables, Second Fd,, Nat,
stand, Ref, Data Scr,, Nat, Dur, Stand, (U, S,) publication NSRDS=-NDS=17;
June, 1971,

40, D 1, Stull, 1, Westium, e, and G, C, Sinke, The Chembeal Thermodynamles
of Orink compound:, John Wiley el Sons, Ine, . NY, 1969,

0 R. Hultgren, P, D, Desat, DI Hawkins, M, Glelser, K, K, Kelley, and D, D,
Wagnian, Selected Values of the Thermaodynamic Properties of the Flements,
Am, Suce, Motals, Metals Park, OI1, 1971,

A6, G, Ereiksson "Thermodynamice Studies of Igh Temperature BEquilibeia, 10, SOLOAS,
a Computer Code for Caleulathy the Composition and Heat Conditions of antaquilibrium



-16-

Mixture", Acta Chem, Scand, 25, 2651(1971).,

46, G, Friksson and E. Rosen ""Thermodynamic Studies of 11igh Temperature Equilibria,
VIII. General Equations for the Calcula:ion of Equilibria in Multiphasc Systems",
Chem, Scripta 4,193(197Y),

47. Q. Eriksson "Thermodynamic Studies of lljgh Temperature Equilibria, XIO. SOLGASMIX,
a Computer Program [or Calculation of Kquilibrium Compositions in Multiphasce
Systems', Chem, Scripta 8,100(1975).

48, C, F. Wan and K, E, Spear "Thermodynamic Equilibrium in the Nb--Ge-H-C] System
for the Chemical Vapor Deposition of Nb3Ge", pp. 47-58, Ref, 8,

49, K. E, Spcar "Application of Phase Diagrams and Thermodynamics to CVD",
pp. 1-16, Ref, 9.

50. ‘I'. M. Besmann and K, I, Spear "Analysis of the Chemical Vapor Deposition of
itanium Diboride, I. f“qullibrium Thermodynamic Analysts”, J, Electrochem.
Soe, 124, TRG(LOTT).

5l. K. Beeker and 1. Ewest '"Dice physikalischen und Strahlungstechnischen EFigen-
schaften des Tantalkarbirles, 7. techn, Physik, 11, 144(1930),

He, R, 8. Ambartsumyan an:d B, N, Babich "Formation of Nloblum and Tuantal um
Carbiries by Thermal Dissoclation of the Chlosides on a Graphlte Substrate”,
izvet, Akodd, Nuauk, SSSR, Inorganie Mat, 6, 1974(1970),

53, P, H, Crayton and M, C, Gridly "Vapour=Phase Synthesis of Submicron ‘T'antalum
Cuarblde, Powder Met, 14, 78(197)).

al, 1, Tasahashi and K, Suglyama "' Fibrous Growth of ‘Tantalum Carbide by A=C
Discharge Method, ., Eleetrochemn, Soce, 121, 7I4(1971),

Hh, W. Groseklauss and IR, I, Bunshah "Synthesis and Morphology of Varfous Carbides
in the Ta=C' System™, J, Vae, Sel, Technol, 12, S1(1975),

G, W, W, Heffernon, 1. Ahmied and &, W, Haskell "A Continuous VD Procesds for
Coating Flilaments with ‘I'antalam Carbide”, pp. 498=508, Ref, 6,

67. W. V, Kotlensky "Depodition of Pyrolytic Carbon In Porous Sollds", (n Chemistry
and Physies of Carbon, Vol, 9 P, 1, Walker and 1), A, ‘Thrower, Fds, s
P V=000 Alarveel Dekker, Ine, o NY, 107,

. M B, Palmer and 1, 0, THeL "I'he Activalion FEnerpy for the Pyrolysis of AMethane',
J. Phys, Chem, 67, To9(1D6),

By, D, WV, Placzek, B, 8, Rabinoviteh and G, 2, Whilten "Some Comparisons of the
Clangieal RRK aned the RRRM Theoretieal Rate Formulations®, ), Chem, Phys,
SR, 07Gn),

60, 1, G, Murpulesceu and 7, Simon "Caleulations of Preexponential Coefftelents of
tmimolecular Reactions®, Acied, Rep, Populare Romine, Stwdl 1 Cereetard Chim
10, Hnal),



Table 1,

Thermochemical Data Used to Prepare Input for Complex Equilibrium Calculations of the

Ta-Cl-H and Ta-C-Cl-H Systems.

Gaseous
Molecules:

Hy

Cl-)

HC1

TacCl_
9

TaCl

"

TaCl
TaCl
TaCl
CH
C2H2
C_H
C_H
C.H
“Cl-L

C,Hg

CH.C1

NW

N

C}!_2C12
CHCI3

AH?(293.15K) -[c°T) - H®(298.15K))/T
(keal mol—]) ( cal K_l mol—l)

500K 700K S00K 900K 1000K  1I00K  1200K  I300K

0.0 32,00 33,15 33.72 34,25 34.76 35.24 35,70 36.13
0.0 54.23  55.64 56.33 57.00 57.62 58.22 55,78 59, 32
-22.06 45,44 46,60 47.16  47.70 13,22 43,71 49,18 19, 62
-132.30 11,74 106.77 109,22 11.57 13.79 115,90 117.90 119,79
-137. 09 92,39 96.99 93,99 100,90 102.71 104.43 106.05  107.59
-77.0 34,7 87.90 $9.43 90,90 92.29 93.60 91,35 96. 03
-16.0 72,83 75.25 76.40 T7.30 78,55 79,51 S0.48 s1.37
3.0 62. 90 64.3¢ 65,04 65.71 ©66.34 66,94 67,51 6. 05
-17.9 45,53 47.26 43,13 49,10 50.02 50.92 5181 52.69
5,19 49. 30 51.38 52,43 53.46 54,47 53,43 56.3% 57.27
14. 53 53,72 56.00 57.22 53.45 59.67 60.87 62.04  6R.20
4.3 65.50 69.24 71.09 72,96 74.81 76,64 73.45 80,24
19. 32 67.05 7,93 74.60 77.29 79.93 82.67 83.38 83,05
-22_42 76. 42 30,12 SL97T  93.74 S5.44 37,06 39,60  90.06
—20,24 56. 49 59.33 60.36 62,42 63.96 65.50 67.00  65.43
-15. 76 57.21 59.25 60.32 6139 62,45  63.49 64.50  635.49
-21.19 66.10 63.5% ©9.87 7TLI4 72,38 73,53 T4 7L 75.87
-23.19 72,55 75.59 7.4 73,64 S0.10  SL49 52,83 34,12



Table 1. Continued

Solid Phases:

Ta 0.0 10,62 11,65 12,16 12,64 13.10 13.53

'I'aCl5 -205.3 37.00 62,82 65,82 68,76 71.70 74,64
Ta.Cl_l -169.1 43,35 o4, 33 56. 94 59.53 62.15 64,580
TaClR -132.2 39. 61 13, 56 45,51 47,39 49,13 50.79
T:12C15 =226, 3 7L s 73.58% 31. 90 35.03 88.08 90. 90
C 0.0 142 2,17 2,45 2,74 3.02 3.30
TaCL 0 -31.49 11. 20 12,92 13.79 14,64 15. 46 16, 24

Ta,C —7.27 21,25 23,94 25,23 26.58 27.82 29,02



Table 2, Experimental Pararieters and Results for the CVD of Tantalum Metal on Graghite Cloth,

Expt. Flow Rates Moles Ar Moles HMoles Cl Temp, Comment
m¥sTP) s-1) Input Gas Input Gas (K) -
Ar H2 Cl2
2 173 1500 99 4,2 15,2 1125 16.6 g Ta deposited
15 173 100 37 21 7.0 1225 23.5 g Ta deposited
2] 179 630 51 1.4 10,4 1025 13. 8 g Ta deposited

23 179 6350 6i 1.4 10.6 1125 10. 5 g Ta deposited

i~



Table 3. Summary of Experimental Results for the CVD of Ta-C Alleyvs on Graphite Cloth,

F vot. Ten:p. Moles H- oles Cl Molzs Ta-Xloles C ases Predicter Phases Observed
110 (Input Gas) (Input  Gas)

3l 1125 10.7 1 TaC ~ (907 Ta+10" Ta2C)

32 1225 10,8 i TaC ~(607 To+ 40" Ta,)C)

33 1225 4.3 0.4 TaC#( TaC+Gas Phase :i_ucleation
33" 1225 L. 6 0.4 TaC+C Ta,)C

39" 1225 2,5 0.4 TaC+C Ta;C

10 1225 2,2 0.4 TaC+C TaC

4’ 1223 2,4 0.3 TaC+C TaC

“HBC1 z2ided tu input gas



Table 1. Summary of Results for the CVD cof Ta-C Alloys on Tungsten Vire (Heffernan. Ahmad and Haskell)*

Moles Ta."Moles C Phases Predicted Phases Observed
(Input Gas)
1.6 TacC, Ta_)C Ta?C, trace- Ta
0.4 TaC, C i Ta::, Ta2C, trace-Ta
0.27 TaC, C TaC, trace—Ta‘)C
0.20 TaC, C TaC, trace-Ta;C
0. 04 TaC, C TaC

* Expe~iments performed at 1373K using HC1 ir the chlorinator and CH _l(g) as tae carbon source,



Figure Captions

Figurc 1. Schematic diagram of CVD apparatus for coating woven graphite cloth
with Ta-C alloys. Arrows indicate dircetion of gas flow,

TFigure 2. Schematic diagram showing details of deposition chamber,

Figure 3. Caleculated equilibrium CVD phasce diagram for the Ta-Cl-H system.
PT = 0,03 atm,

FFigure 4, Calculated equilibrium vapor composition for the Ta-CIl-H system,
at PT = 0,03 atn, and T = 1025K,

Figure !

<1

Comparison of maximum amount of tantalum metal capable of being
depositied in the Ta-Cl-IT system (solicd curves) with amounts actually
found deposited for three CVD experiments using woven graphite cloth
as a substrate, P, = 0,03 atm, T- 1025K, 125K, and 1225K,

Open circles represent data points,

Figure 6, Computed equilibrium vapor composition of the input gas for CVD
experiments in the Ta-C-Cl-H system. PT.-.- 0,03 atm,, T-HOOK,
H/Cl = 2,

Figure 7. Computed equilibrium VD phase diagram for the Ta-C-Cl-I1 system,
H/C1 = 10,8, ])T = 0, 03 atm,

Figure 8. Computed equilibrium CVD phase diagram for the Ta-C-Cl-1I system,
H/Cl =2, PT = 0,03 atm,

Figure 9, FEquilibrium vapor composition for the Ta-C-Cl=H system at 1200k,
PT = 0,03 atm,, 1/Cl = 10,7,

IFigure 10, LEquilibrium vapor composition for the Ta~C-Cl-H system at 1200K.
P, o 0, 03 atm,, I/Cl = 2,
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FIGURE 9
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FIGURE 10
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